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Abstract 
The future deployment of carbon capture and storage (CCS) is uncertain. This may be caused by differences in assumptions about 
techno-economic parameters such as CO2 storage cost and capacity. How much of the uncertainty in these variables translates into 
uncertainty in the deployment predictions of CCS is investigated using the TIMER model. Preliminary results show that storage 
cost variations result in a considerable range of global cumulative CO2 captured until 2050 from electricity production of about 46-
162 GtCO2. Also, the regional impacts of storage costs differ strongly. Decreasing the storage capacity decreases global cumulative 
capture from power production by only -3 GtCO2 until 2050.  
© 2013 The Authors. Published by Elsevier  Ltd. 
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1. Introduction 
The IPCC (2005) [1] notes that there are substantial uncertainties in the estimates of the amount of Carbon Capture 
and Storage (CCS) that will be deployed in the future. Various scenarios estimate wide ranges of cumulative CO2
emission reductions from CCS until 2100 under different stabilization targets [1]. This large range results from 
uncertainty in variables that determine future emissions, such as economic development, or from uncertainty in future 
technological development [1]. This uncertainty may be reflected in the wide ranges of cost and performance data for 
various parameters along the CCS chain. In fact, large ranges are shown for cost and performance data for individual 
parts of the chain, as well as for storage capacity estimates reported. For this reason, Koelbl et al., [2] investigate the 
effect of the variation in performance and cost of fossil fueled power plants and capture systems, transport cost, 
storage cost and storage capacity on the uncertainty in the deployment prediction of CCS. The current paper focuses 
on preliminary results of this study with respect to the storage cost and storage capacity uncertainty. Variables like the 
capture and power plant cost and efficiency, as well as their development over time are not varied in this study. 
Likewise, transport cost are held constant in this study. How these variables affect the CCS deployment and which 
variable has the most severe impact, and the strongest regional differences, is investigated in Koelbl et al., [2].  
Storage cost estimates vary mainly due to the heterogeneity of reservoir-specific properties [3][4]. Storage capacity 
estimates also vary strongly and contradict each other according to Bradshaw et al., [5]. They are contradictory, 
* Corresponding author. Tel.: +31 030 253 4994; fax: +31 030 253 7601 
        E-mail address: B.S.Koelbl@uu.nl.
Available online at www.sciencedirect.com
  he Authors. Published by Els vier Ltd.
Selection and/or peer-review under responsibility of HGT
7538   Barbara S. Koelbl et al. /  Energy Procedia  37 ( 2013 )  7537 – 7544 
because many estimates use unreliable or rough generalized methodologies which ignore the highly individual nature 
of storage site specific properties that determine the practical capacity of a storage site [5]. Insofar as this uncertainty 
is covered by the available data in the literature, we will investigate how much this uncertainty influences the 
estimates in CCS deployment between 2010 and 2050. The results are analyzed on a global and regional level.  
This paper will proceed as follows: First, a short overview of the methodology is provided in Section 2.. 
Subsequently, Section 3 presents the data for storage cost and storage capacity. Finally, Section 4 shows the 
preliminary results of varying either parameter on different indicators of CCS deployment, before Section 5 concludes.  
2. Methodology  
This analysis is undertaken using the global, regionally explicit, energy system simulation model TIMER [6];[7] 
which is part of the integrated assessment model IMAGE [8]. IMAGE was, for example, used for the generation of the 
RCP2.6 of the representative concentration pathways (RCP) [9,10]. CCS in TIMER can be applied in the electricity 
sector, production of hydrogen and some other industrial facilities [11]. There are 11 different reservoir types in 
TIMER [11]. The costs of storing CO2 are determined by the region-specific transport cost to the respective reservoir 
type and the reservoir-type specific storage cost [11]. Together with the storage supply which is different per region, 
this results in regionally specific supply-cost-curves. Besides aquifers, depleted oil and gas reservoirs, and enhanced 
coal bed methane (ECBM) reservoirs, there are also undepleted oil and gas reservoirs. The availability of the latter two 
depends on the future production of these fuels which is endogenously determined in the model. All storage types 
besides ECBM are further distinguished by their on- or offshore location.  
For the sensitivity analysis, first a Reference scenario was made. Subsequently, the low and high values for storage 
cost were used in this scenario to investigate the sensitivity of CCS deployment on a regional and global scale. 
Moreover, also the storage potential was reduced to look at the sensitivity to this parameter. As Reference scenario, we 
used the 450 ppm CO2-eq emission pathways as derived from a slightly revised version of the Baseline of the OECD 
Environmental Outlook 2012 [12]. The revisions were made in order to update key parameters for CCS deployment to 
values that resemble average assumptions based on the literature research done for this paper. The values that were 
revised in this context are the development of the fossil fuel prices, timing of the availability of some technologies to 
produce electricity, performance and cost data for coal, natural gas and biomass fired power plants and capture units, 
the storage and transport cost of CO2 and storage capacity assumptions. Finally, we also included the new transport 
sector as described in Girod et al., [13]. The Baseline scenario without any climate mitigation policy of this study is 
the Baseline of the OECD Environmental Outlook 2012 [12] modified by this transport module. In this Baseline, 
population grows to about 9 billion until 2050, while world GDP will be about four times as high in 2050 as in 2010 
[12].  
3. Data  
The data used in these two experiments has been collected from the prevailing literature, in order to reflect the 
uncertainty in current data estimates. For sources and average values of the parameters that are not varied in this 
experiment, as well as a more detailed description of the assumptions, modifications and adjustments made concerning 
the data described below, and about the methodology, see Koelbl et al., [2].  
The data set for preliminary storage cost input values which have been collected from [1][4][14][3][15] can be 
found in Table 1. The original values as collected from literature were converted to USD2005/tCO2 using the conversion 
rates from fxtop.com [16] and the Upstream Capital Cost Index (UCCI) from IHS [17]. Monitoring cost are added to 
the values from the IPCC (2005) [1] and transport cost are subtracted from the upper value of EOR storage cost from 
the IPCC (2005) [1]. 
Table 1 Storage cost range collected from and based on the sources named above [1][4][14][3][15]  
Storage cost 
USD2005/tCO2
EOR,
onshore 
EOR,
offshore 
Rem. gas, 
onshore 
Rem. gas, 
offshore 
Depl. oil, 
onshore 
Depl. oil, 
offshore 
Depl. gas, 
onshore 
Depl. gas, 
offshore ECBM 
Aquifers 
onshore 
Aquifers 
offshore 
Observations 4  15  15    6 19 10 
Low   -106.32 -106.32 0.81 1.63 0.81 1.63 0.81 1.63 -30.34 0.42 0.81 
Reference   -26.76 -0.35 7.59 15.18 7.59 15.18 7.59 15.18 71.81 5.12 18.01 
High 52.81 105.62 14.36 28.72 14.36 28.72 14.36 28.72 173.96 9.81 35.21 
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The range of the estimates is very large, and in some cases even reaches from deeply negative to high values. This 
is, for example, the case for Enhanced Oil Recovery (EOR), which is applied to all remaining oil fields in the model. 
The cost of EOR storage is, among other factors, influenced by the oil price [18], where generally, higher oil prices 
can lead to higher benefits [1].  
As can be seen from the number of observations indicated in the first row of Table 1, for some options little data 
could be found in the literature. Therefore, simplified assumptions had to be made in order to derive consistent ranges. 
For instance, except for the aquifers, the upper range of the offshore options is always assumed to be twice as 
expensive as the respective onshore option. Also, the storage cost of onshore as well as offshore options of remaining 
and depleted gas and oil reservoirs are assumed to be the same. The lower value of remaining oil reservoir (EOR) 
storage cost is assumed to be the same for on- and offshore options.  
Two storage potential estimates are used which approximately correspond to the “low” and “best” estimates found 
in a study of IEA GHG (2011) [19]. EOR associated storage space was used from IEA GHG (2009a) [20] except for 
the potential for the regions in India and Rest S. Asia, which stem from Hendriks, et al., [18]. Depleted oil reservoir 
storage estimates also stem from Hendriks, et al., [18]. New aquifer and ECBM storage potentials are used from a 
study by IEA GHG (2011) [19]. The best estimate is used for the Reference scenario, and the low estimate is used for 
the low capacity scenario. However, the capacity of two regions of this source (“Non OECD Europe and Former 
Soviet Union” as well as “OECD Europe”), is assumed to be half the amount of the best estimate for the low capacity 
case in this study. Furthermore, the ECBM estimates are supplemented by the estimate for China given in Dahowski et 
al., [21] in the Reference scenario, which is lowered to 0.1% in the low capacity case. Finally, the storage capacity for 
all gas reservoirs was taken from IEA GHG (2009b) [22].  
Country and reservoir distributions are mainly based on Hendriks, et al., [18]. The distribution of the Reference 
scenario estimates for EOR, all natural gas reservoir types, ECBM, and depleted oil reservoirs are based on the “best” 
and “high” estimate of Hendriks, et al., [18] for the low and Reference capacity of this study, respectively. The 
distribution between on- and offshore aquifer for different regions is based on Dooley et al., [23], while more detailed 
country distributions were from the “best” estimate of Hendriks, et al., [18]. Further detailed regional distributions are 
based on previous assumptions in TIMER.  
The totals across regions per reservoir type can be seen in Table 2. In the model we assume that EOR only applies 
to reservoirs that are not yet depleted. The estimates for depleted oil reservoirs in turn only apply to the reservoirs that 
were already depleted at the time where the estimate was made [18]. It is therefore implicitly assumed that the future 
use of undepleted oil fields for CO2 storage is only up to the level to which EOR can be applied.  
Table 2 Global storage capacity for the reference and low capacity estimate per reservoir type collected from sources named above [19,20,18,21,22] 
GtCO2
EOR,
onshore 
EOR,
offshore 
Rem. gas, 
onshore 
Rem. gas, 
offshore 
Depl.
oil,
onshore 
Depl.
oil,
offshore 
Depl.
gas, 
onshore 
Depl.
gas, 
offshore ECBM 
Aquifers, 
onshore 
Aquifers, 
offshore Total 
Low 110 30 168 126 33 60 95 11 171 2786 1054 4644 
Reference 147 45 284 254 44 107 121 13 260 6912 2630 10818 
The largest storage potential estimate is in both cases aquifers. The reason why, for example, the EOR capacity 
varies is because the low estimate takes only large oil fields into account, while the reference capacity is based on the 
estimate of large and small oilfields [20]. Similarly, the study on which we based the storage potential in gas fields 
[22] makes a distinction between theoretical, effective, and practical capacity, whereof we used the effective and the 
practical capacity. The theoretical capacity refers to “the physical limit that a geological system can accept” ([22]p.4). 
The effective estimates take into account technical constraints and are thus smaller than the latter. The third, practical 
capacity, excludes further fields that were considered to be too small, and is corrected by a fixed percentage to 
compensate for fields that could leak [22]. 
4. Results  
4.1. Storage cost variations  
The preliminary results of varying the storage cost on the electricity generation sector can be seen in Table 3. In 
2050, the low and high storage cost case result in, respectively, a -2%-point and +6%-point change of the CCS share 
of total electricity generation capacity compared to the Reference scenario. The total spread is thus 8 percentage 
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points, while the spread in GW of CCS plants installed in 2050 is about 1080 GW. There are several reasons why the 
large range of storage cost estimates results in a much smaller range of deployment numbers in 2050. First, the major 
cost element of the additional CCS cost is in most cases the capture cost (which are not varied in this paper) [1]. 
Second, the carbon tax between 2025 and 2050 is roughly 160 USD2005/tCO2. Given the high carbon tax levels there is 
a strong incentive in the scenario to replace fossil-fired power plants by those that emit low levels of CO2. However, 
constraints on renewable deployment (increasing costs for high penetration levels) keep the CCS deployment 
relatively high in the high storage cost case.
Table 3 Impact of storage cost changes on the global CCS deployment  
The cumulative CO2 captured figures are presented in the bottom lines of Table 3. The cumulative CO2 stored from 
2010 to 2050 from electricity production decreases by 14 GtCO2 and increases by 102 GtCO2 compared to the 
Reference scenario, which makes a total global spread of 116 GtCO2. This spread is considerable if we compare it to 
the emissions in the Baseline scenario. These are approximately 1780 GtCO2 cumulatively between 2010 and 2050 
globally. In the Reference scenario the global figures add up to about 1040 GtCO2. As another comparison, the Energy 
Technology Perspective 2010 projects the CO2 cumulatively captured globally from power generation for the same 
period to be 79 GtCO2 in the BLUE Map [24], where the target is to reduce 2005 CO2 emissions by 50% in 2050 [24]. 
Hence, a spread of more than 100 GtCO2 caused by the uncertainty in the storage cost is quite considerable. The 
impact of the same storage cost uncertainty is milder for the industry CCS. The figure decreases by 5 GtCO2 and 
increase by 17 GtCO2.
The uncertainty range of storage cost is different per reservoir type. The supply of reservoir types per region varies 
as well as the transport cost differs by regions. Therefore, the effects on CCS deployment can be very different per 
region. To assess the degree of regional difference in the impacts we compute the standard deviation of the changes 
between the high and the low cost case, relative to the low cost case for cumulative CO2 captured in the power sector.  
The standard deviation is 24% and on average the change is 67%. The most severe impact occurs in Russia with a 
decrease of -100% while the region “Rest of Southern Africa” only experiences a decrease of -12%. However, both 
regions depart from relatively low levels of CCS deployment. Rest of Southern Africa captures 0.5 GtCO2
cumulatively from electricity production in the low storage cost case. Emissions in the Baseline in this region are 11 
GtCO2 cumulatively for the study horizon. The same figures for Russia are under low storage cost 1.2 GtCO2 captured 
and cumulative Baseline emissions of 65 GtCO2. Both regions contribute by less than one percent to the cumulative 
global CO2 captured from power production in the low storage cost case.  
Table 4 Relative changes of cumulative CO2 captured from power generation between 2010 and 2050 in different regionsb
Region %Change Region %Change Region %Change Region %Change Region %Change 
Canada -88% M.East -32% Japan -71% Indonesia -92% W.Africa -90% 
USA -73% N.Africa -18% Oceania -76% Russia -100% W.Europe -60% 
Mexico -64% Rest C.Am. -67% C.Europe -61% SE.Asia -88%   
Brazil -91% Rest S.Africa -12% China -87% South Africa -90%   
Turkey -63% Rest S.Am -71% E.Africa -29% Stan -84%   
Korea -33% Rest S.Asia -70% India -75% Ukraine -50% 
b For definitions of regions in IMAGE and TIMER see http://themasites.pbl.nl/tridion/en/themasites/fair/definitions/datasets/index-2.html
 High storage cost Reference scenario Low storage cost 
Year  2050 2050 2050 
% CCS Share in the electricity generation capacity installed  12% 14% 20% 
Total CCS Capacity GW installed  1773 2052 2854 
Period  2010-2050 2010-2050 2010-2050 
Cumulative GtCO2 captured 2010-2050 from power production   46 60 162 
Cumulative GtCO2 captured 2010-2050 from  the industry 47 52 69 
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Fig. 1. Storage cost effects on reservoir use in China and the Middle East 
In contrast, China and the Middle East are two regions which have relatively high shares in the global CO2
cumulatively captured from power production over the study period, but also react very differently to the change in 
storage cost. The Middle East contributes 4% (6.5 GtCO2) to cumulative global CO2 captured from power generation 
in the low cost case and 10% in the Reference scenario. China contributes 20% (32 GtCO2) in the low storage cost 
case and 8% in the Reference scenario. The cumulative Baseline emissions of the two regions are 92 GtCO2 and 469 
GtCO2, respectively.  
The storage potential that is used in the two regions in each scenario is shown in Fig. 1. Under high storage cost, 
the Middle East stores CO2 exclusively in depleted oil reservoirs. Under low storage cost, EOR provides enough 
benefits to exclusively use undepleted oil reservoirs. In China, under low storage cost, different storage options are 
used up first. ECBM, and on- and offshore EOR, onshore depleted gas and oil get used up completely. In the high 
storage cost case, only the onshore reservoirs remaining gas, and depleted oil and gas are used up.  
Fig. 2 shows the cost supply curves for the two regions with high and low storage cost including the medium 
transport cost. The cost supply curves for China are much steeper and cheap storage potential categories are scarcer 
than in the Middle East. Furthermore, comparing the emissions of the two countries in the Baseline scenario to their 
available storage capacity reflects the real scarcity of the storage supply. Chinas cumulative Baseline emissions 
between 2010 and 2050 amount to about 470 GtCO2, whereas the cumulative Baseline emissions in the Middle East 
are only one fifth of this. At the same time, the storage capacity available in China is only about one third of the 
storage capacity in the Middle East. Hence, the demand for storage capacity is larger in China, which leads to that 
China stores CO2 at much higher cost levels. At this cost level, it reacts more sensitive to an increase of storage cost 
than the Middle East which departs from a much lower cost level.  
Fig. 2. Storage cost supply curve for the Middle East and China in the low and high storage cost case  
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4.2. Storage capacity variations  
Table 5 shows the preliminary results of decreasing the storage capacity. In the low storage capacity case, the 
resulting decrease of the share of CCS capacity installed in the electricity production portfolio of 2050 compared to 
the Reference scenario is about 2%-point. The difference in cumulative GtCO2 stored between 2010 and 2050 
compared to the Reference scenario is only -3 GtCO2 in the electricity sector and -3 GtCO2 in the industry sector. 
Thus, assuming only half of the global storage capacity is available for storage does not have a substantial effect on 
the CCS activity until 2050. 
Table 5 Effect of reducing the storage capacity on global CCS deployment 
 Reference scenario  Low storage capacity case  
Year  2050 2050 
% CCS Share in the electricity generation capacity installed  14% 12% 
Total CCS Capacity in GW installed 2052 1846 
Period 2010-2050 2010-2050 
Cumulative GtCO2 captured 2010-2050 from power production   60 57 
Cumulative GtCO2 captured 2010-2050 from the industry 52 49 
No region completely runs out of storage capacity in the Reference scenario. However, in the low storage capacity 
case, Korea and Japan run out of storage capacity. In this case, Korea has a storage capacity of 0.3 GtCO2 and Japans 
storage capacity only amounts to about 2 GtCO2, compared to 4 and 13 GtCO2 in the Reference scenario.  
Furthermore, the majority of the regions still have 80% and more of their storage capacity left. This indicates that 
there could also be enough storage capacity left for the period after 2050. However, this also depends on the 
development of CCS and other technologies.  
Finally, critical could be the storage potential in China as only around 37% of the original potential may be left by 
2050 in the low storage capacity case. As China’s contribution to global CO2 stored is the second largest in the world 
(i.e. 15% of CO2 capture from all CCS applications the Reference scenario), limited storage capacity could have 
stronger effects on CCS deployment beyond 2050.  
5. Conclusion  
In this paper we have analyzed the impact of uncertainty in storage costs and storage potential for the application of 
CCS in future scenarios. Increasing the storage cost to high levels only has the effect of decreasing the share of CCS in 
the 2050 portfolio of electricity production capacity by -2%-points, while decreasing the cost from the Reference 
scenario has stronger impacts (+6%-points) on the shares. The effects are stronger when we look at the CCS activity 
over the total study period from 2010 to 2050 in terms of cumulative CO2 captured. The total range of GtCO2 captured 
from electricity production caused by storage cost uncertainty is 46 to 162 GtCO2.
Regional variations are significant also for countries that contribute strongly to total CO2 captured from electricity 
production in the Reference scenario, such as China (8%) and the Middle East (10%). We can observe a high impact 
of storage cost on cumulative CO2 captured from the electricity production in the Chinese case, while in the Middle 
East the impact is modest. The reason for this is the shape of the cost supply curve and the relative scarcity of storage 
capacity in relation to the emissions in a Baseline scenario without climate mitigation policy. China has a steeper cost 
supply curve for storage and therefore has very high storage cost for the last used option, even under low cost, the cost 
levels are substantially higher for all options. Since the capacity for storage is low compared to the Baseline emissions, 
China ends up on a very high level of the storage cost curve. At the higher cost levels, the reaction to a cost increase is 
very strong.  
The effect of decreasing the storage capacity is similar when we compare it to the decrease of the CCS shares in 
2050 electricity production capacity caused by higher storage cost. However, the difference in total CO2 captured over 
the study period to the Reference scenario is smaller when storage capacity is decreased, than when storage cost is 
increased. In the electricity sector the effect of increasing storage cost from the Reference scenario is more than four 
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times as high as decreasing the storage capacity. In the industry the storage cost increase is by 2 GtCO2 higher than the 
effect of the storage potential decrease.  
Furthermore, we can see that two regions run the risk of depleting storage capacity completely, Korea and Japan. 
More importantly, in China the storage capacity in 2050 is relatively scarce. In other regions, large amounts of the 
initially available storage capacity may remain available for future capture activity. This implies that the storage 
potential as used in this experiment has a comparatively mild effect on the CCS activity over the study period and on 
the electricity production capacity in 2050. However, the effects could intensify beyond 2050.  
Finally, it is important to note, that the effect of these variables should be evaluated also in relation to the impact of 
the other variables along the CCS chain. For instance, the impact of the uncertainty in the cost of CCS equipped power 
plants can be expected to be even a lot stronger, since the capture cost is in most cases the major cost element of the 
CCS cost [1]. Which effect overweighs is, for example, interesting as a basis for decisions concerning the distribution 
of R&D resources. 
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